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@ A higil speed transistor featured by a wide op- 
eration range and a high gain has a channel layer of 
three-layer structure having undoped GalnAs layers 
(130a, 130b) arranged above and beneath a QaAs 
layer (140) including at least one delta doped layer 
(n-type). A cap layer (150) which is an undoped 
GaAs layer and a buffer layer (120) are formed 
above and beneath the channel layer of three-layer 
structure, on a substrate (110). A gate electrode 
(340), and a source region (350a), a drain region 
(350b), a source electrode (360) and a drain elec- 
trode (370) which are self-aligned to the gate elec- 
trode (340) are formed. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 



The present invention relates to a senniconduc- 
tor device, and more particularly to a hetero-junc- 
tion field effect transistor which operates at a high 
speed with a low noise and a microwave monolithic 
integrated circuit (MMIC) which uses the PET. 

Related Background Art 

A hetero-junction field effect transistor (or high 
electron mobility transistor (HEMT)) which uses a 
selectively doped hetero-junction has been pro- 
posed as a high operating speed transistor. Fig. 1 
shows a structure of a typical AIGaAs/GaAs high 
electron mobility transistor. The structure is de- 
scribed below. 

An undoped GaAs layer 210 is formed on a 
semi-insulating GaAs substrate 110, and an AIGaAs 
layer (undoped AIGaAs spacer layer) 220 having a 
smaller affinity than that of GaAs is formed on the 
GaAs layer 210. The AIGaAs layer consists of the 
undoped AIGaAs spacer layer 220 and an AIGaAs 
layer 230 doped with n-type dopant (an element 
such as Si or Se), which are formed on the GaAs 
21 0. A gate electrode 250 is formed on the AIGaAs 
layer, and a source electrode 270 and a drain 
electrode 280 are formed on a Si-GaAs contact 
layer 260 to sandwich the gate electrode 250. This 
electrode structure is called a recessed structure 
because the gate electrode is provided at the bot- 
tom of the grove (recess), and it is a common gate 
electrode structure in the HEMT. By this structure, 
two-dimensional electron gas 240 is formed on the 
side of GaAs on the interface of AIGaAs/GaAs, and 
it serves as a drain-source channel (current path). 
A density of the two-dimensional electron gas 240 
is controlled by the gate electrode 250 and a 
current between the source electrode 270 and the 
drain electrode 280 is modulated. 

On the other hand, a pulse doped MESFET 
has been reported in the paper ED89-152 of the 
Study Group of the Electronic and Information as a 
transistor other than the HEMT, which operates at a 
high speed with a low noise. The pulse doped 
MESFET uses a GaAs layer having Si pulsively 
doped as a channel and has a structure as shown 
in Fig. 2. The structure is described below. 

An undoped GaAs buffer layer 310 having a p 
carrier conductivity type (carrier density 
~5x10^^cm~3)js formed on a semi-insulating GaAs 
substrate 110, and Si-doped GaAs (~14x10^^cm~3) 
320 is formed with a thiclcness of 100 angstrom. An 
undoped GaAs cap layer 330 having an n carrier 
conductivity type (-IxlO^^cm"^) is formed on the 
Si-doped GaAs channel layer 320. A profile of 



impurity distribution is low in the GaAs buffer layer 
310 and the GaAs cap layer 330, and pulsively 
high in the Si-doped GaAs layer 320. Therefore, 
this structure is called a pulse doped structure. A 

5 gate electrode 340, and n+ ion implantation layer 
350a and 350b, a source electrode 360 and a drain 
electrode 370 which are self-aligned to the gate 
electrode 340 are formed on the pulse doped 
structure. This electrode structure is called a planar 

10 structure because the gate electrode is planar. 

Fig. 3 shows examples of characteristics of the 
AIGaAs/GaAs HEMT and the pulse doped MES- 
FET. It shows a gate bias dependency of a transfer 
conductance (gm) when a device having a gate 

75 length of O.Sum is used. The pulse doped MES- 
FET has a mesa profile (broken line) of the transfer 
conductance gm to the gate bias, and a change in 
the transfer conductance gm when a biasing point 
is slightly shifted is small, but the value of the 

20 transfer conductance gm is smaller than that of the 
HEMT. The abruptnees of rise of the transfer con- 
ductance gm at the gate bias near a threshold 
(Vth), which is important as a low noise device, is 
inferior to the HEMT. 

25 On the other hand, the HEMT exhibits an 

abrupt rise of the transfer conductance gm and a 
peak thereof is high, but since it has a peak profile 
(chain line) to the gate bias, the transfer conduc- 
tance gm is significantly reduced if the bias point is 

30 slightly shifted. The reduction of the transfer con- 
ductance gm of the HEMT in a shallow gate bias 
side is due to a phenomenon called a real space 
transition in which a portion of the two-dimensional 
electrons transits to the AIGaAs layer which has a 

35 low electron velocity. 

Fig. 4 shows an energy band chart of the 
HEMT shown in Fig. 1 along a line X-X, in which 
Ec denotes a bottom of a conduction band and Ev 
denotes a Fermi level. As shown in Fig. 4A, as the 

40 gate voltage Vqs is raised toward a positive side, a 
portion of the two-dimensional gas generated in the 
interface of the undoped GaAs layer 210 transits to 
the n+AIGaAs layer 230 as shown in Fig. 48. As a 
result, a total electron mobility is reduced and the 

45 gm also is abruptly reduced from the peak. 

The peak profile of the transfer conductance 
gm leads to a small design margin and a low yield 
of an integrated circuit (IC) when the integrated 
circuit is to be fabricated by using the HEMT. In 

50 the HEMT structure, since the abruptness in the 
interface of AIGaAs/GaAs is important, the planar 
gate electrode by the self-alignment ion implanta- 
tion is not adopted. Because it is necessary to 
anneal the ion-implanted Si at a high temperature 

55 in order to activate it, and if Al in the AIGaAs layer 
is diffused into the GaAs layer in the annealing 
step, the electron mobility and a saturation velocity 
are significantly reduced. Accordingly, the gate 
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electrode in the HEMT is usually of recessed type, 
and a variance of depth of the recess in an etching 
process to fornfi the recess is reflected to a vari- 
ance of Vth. From the aspect of the process mar- 
gin, too, the prior art HEIVIT is not always suitable 
as a device for constructing the integrated circuit. 

SUMMARY OF THE INVENTION 

In the light of the above, it is an object of the 
present invention to provide a high speed transistor 
having features of both the pulse doped MESFET 
(a v/ide operation range) and the HEMT (a high 
gain). 

It is another object of the present invention to 
provide a HEMT which has a high gm and exhibits 
a small change of gm relative to the gate bias like 
the pulse doped MESFET. 

In order to achieve the above object, a semi- 
conductor device (for example, a field effect tran- 
sistor (FET)or a monolithic integrated circuit com- 
prising the FET) of the present invention which has 
a drain electrode, a source electrode and a gate 
electrode, and controlling a current flowing through 
a channel (current path) between the drain and the 
source by a voltage applied to the gate electrode, 
comprises: 

A channel layer (a layer in which the channel is 

formed) formed by a GaAs layer including n-type 
dopant (for example. Si, SE, S or Te) and undoped 
GalnAs layers (layers having no dopant added 
thereto., Impurity may be included) sandwiching 
the GaAs layer; and a buffer layer made of an 
undoped semiconductor (for example, GaAs, 
GalnAs or AIGaAs) having a larger electrical nega- 
tive degree than that of GalnAs. The channel layer 
is formed between the buffer layer and the gate 
electrode. The semiconductor device may further 
comprise an undoped cap layer electrically con- 
nected to said gate electrode and made of a semi- 
conductor having a larger band gap than that of 
GalnAs. The chananel layer may include at least 
one two-dimensional layer including n-type dopant, 
undoped GaAs layers sandwiching said two dimen- 
sional layer and undoped GalnAs layers sandwich- 
ing said GaAs layer. 

The channel layer may include an n-type GaAs 
layer doped with n-type dopant and undoped 
GalnAs layers sandwiching the GaAs layer. 

A method for manufacturing a semiconductor 
device of the present invention comprises the steps 
of: 

sequentically forming a buffer layer made of 
undoped GaAs and an undoped GalnAs layer on a 
GaAs substrate; 

alternately growing an undoped GaAs layer 
and a delta doped layer having n-type dopant 
delta-doped on the GalnAs layer to form a channel 



layer; 

forming a GalnAs layer and an undoped GaAs 
layer on the channel layer and forming a gate 
electrode on a predetermined area on the undoped 

5 GaAs layer; and forming a source region and a 
drain region by ion implantation with self-alignment 
to the gate electrode and forming a source elec- 
trode and a drain electrode and forming a source 
electrode and a drain electrode. 

10 Another method for manufacturing a semicon- 

dutor device of the present invention comprises the 
steps of: 

sequentially forming a buffer layer made of 
undopoed GaAs and an undoped GalnAs layer on 

75 a GaAs substrate; 

sequentially growing an undoped GaAs layer, a 
delta doped layer having n-type dopant delta-dop- 
ed and an undoped GaAs layer on the GalnAs 
layer to form a channel layer; 

20 forming a GalnAs layer and an undoped GaAs 

layer on said channel layer and forming a gate 
electrode on a predetermined area on the undoped 
GaAs layer; and 

forming a source region and a drain region by 

25 ion implantation with self-alignment to the gate 
electrode and forming a source electrode and a 
drain electrode. 

In the semiconductor device of the present 
invention, two dimensional electron gas is formed 

30 in the vicinity of the hetero-interface of the GaAs 
layer including at least one two-dimention layer 
which includes n-type dopant and the underlying 
GalnAs. Since the electrons of the two-dimensional 
electron gas have a very high saturation velocity, 

35 an operation speed is very high. The hetero-junc- 
tion is formed by the GalnAs layer and a buffer 
layer made of a semiconductor having a higher 
electronegativity and a larger band gap than those 
of GalnAs, and an energy barrier of a conduction 

40 band is formed in the hetero-interface. As a result 
for the electrons of the two-dimensional electron 
gas it is harder to flow into the buffer layer, and the 
rise of the transfer conductance gm at the gate 
bias near the threshold voltage Vth is abrupt. 

45 Since the channel layer has a lamination struc- 

ture of the two-dimensional layer including the n- 
type dopant and the undoped GaAs layer, even if a 
portion of the two-dimensional electrons makes real 
space transition and jumps into the GaAs layer 

50 when a gate bias (a positive voltage bias) to in- 
crease the drain current is applied, the reduction of 
the electron mobility and the saturation velocity are 
suppressed compared to the prior art HEMT which 
uses the Si-doped AIGaAs layer. Further, since the 

55 electrons which made the real space transition to 
the GaAs layer fall into a quantum well of the 
GalnAs layer on the GaAs layer to form the two- 
dimensional gas, the abrupt reduction of the trans- 



3 



5 



EP 0 555 886 A2 



6 



fer conductance gm on the positive voltage side of 
the gate bias, which is inherent to the prior art 
HEIVIT, is avoided. 

In accordance with the semiconductor device 
of the present invention, since the two-dimensional 
electron gas is formed in the vicinity of the hetero- 
interface, a very high speed operation is attained 
and the abrupt rise of the transfer conductance gm 
is attained by the energy barrier of the conduction 
band of the hetero-interface. Further, the abrupt 
reduction of the transfer conductance gm is pre- 
vented by the band structure of the hetero-interface 
of the GaAs layer and the GalnAs layer, and a high 
gain and a high operating speed are attained over 
a wide range of gate bias. 

The present invention will become more fully 
understood from the detailed description given 
hereinbelow and the accompanying drawings which 
are given by way of illustration only, and thus are 
not to be considered as limiting the present Inven- 
tion. 

Further scope of applicability of the present 
invention will become apparent from the detailed 
description given hereinafter. However, it should be 
understood that the detailed description and spe- 
cific examples, while indicating preferred embodi- 
ments of the invention, are given by way of illustra- 
tion only, since various changes and modifications 
within the spirit and scope of the invention will 
become apparent to those skilled in the art form 
this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a structure of conventional HEMT, 
Fig. 2 shows a structure of a conventional pulse 

doped MESFET, 

Fig. 3 shows characteristic of an embodiment 
and prior art, 

Fig. 4A and 4B show an energy band chart of 
the HEIVIT, in which Fig. 4A shows an energy 
band when a gate voltage VGS =0, and Fig. 48 
shows an energy band when the gate voltage 
VGS>0 and a portion of two-dimensional elec- 
tron gas transits to an n+AIGaAs layer 230, 
Fig. 5 shows a structure of a first embodiment. 
Fig. 6A - 6C show a manufacturing process of 
the first embodiment, 

Fig. 7 shows a structure of a second embodi- 
ment. 

Fig. 8A and 88 show a band structure of a 
HEMT of the present invention, in which Fig. 8A 
shows a band structure when the gate voltage 
VGS = 0 and Fig. 88 shows a band structure 
when the gate voltage VGS>0, 
Fig. 9A - 90 show a manufacturing process of a 
planar HEMT of an embodiment, 



Fig. 10. shows a graph showing the dependency 
of gm to a gate bias in an AIGaAs/GaAs HEMT, 
a pulse doped MESFET and a HEMT of the 
present invention, and 
5 Fig. 11A - 110 show a manufacturing process of 
planar HEMT of a third embodiment. 

DETALED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

10 

The preferred embodiments of the present in- 
vention are now explained with reference to the 
drawings. The like or identical elements to those of 
the prior art device described above are simplified 

75 or omitted in the explanation. The doping indicates 
the addition of impurity and the undoping indicates 
non-addition of impurity. 

Fig. 5 shows a first embodiment in which the 
present invention is applied to a field effect transis- 

20 tor. The transistor is characterized by a three-layer 
structure channel layer in which undoped GalnAs 
layers 130a and 130b are arranged above and 
beneath a GaAs layer 140 having at least one delta 
doped layer (n type). The delta doped layer is a 

25 thin layer having impurities doped planarly and it 
has a substantially stepwise impurity distribution 
with respect to overlying and underlying layers. 

A cap layer 150 which is an undoped GaAs 
layer and a buffer layer 120 are formed above and 

30 beneath a channel layer of the three-layer structure 
(undoped GaAs layer layers 130a and 130b). They 
are formed above a substrate 110. Like the pulse 
doped MESFET, a gate electrode 340, n+ion im- 
plantation layers (a source region and a drain re- 

35 gion) 350a and 350b which are self-aligned to the 
gate electrode, a source electrode 360 and a drain 
electrode 370 are formed. 

A transfer conductance gm characteristic of the 
present transistor is deemed as shown by a solid 

40 line in Fig. 3. The rise of the transfer conductance 
gm in the vicinity of the threshold level Vth is more 
abrupt than that of the pulse doped MESFET, and 
the transfer conductance gm can be suppressed 
even if the gate bias in driven into a positive side. 

45 Further, the transfer conductance gm is deemed to 
be generally higher than that of the pulse doped 
MESFET. Namely, it deems to have a combined 
characteristic of the wide operation range of the 
pulse doped MESFET, and the high gain of the 

50 HEMT. It is considered that those characteristic are 
due to the following. 

The present transistor has the channel layer of 
the three-layer structure as the channel, and the 
two-dimensional electron gas is formed in the inter- 

55 face of the GaAs layer 140 and the GalnAs layer 
130a, and in the interface of the cap layer 150- 
(GaAs) and the GalnAs layer 130b. The electrons 
of the two-dimensional electron gas have a higher 
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saturation velocity than a velocity at which they 
move In the pulse doped GaAs layer. As a result, a 
response speed or an operation speed is high. The 
current flowing between the source electrode 360 
and the drain electrode 370, that is, the movement 
of the electrons of the two-dimensional electron 
gas is controlled by controlling the band structure 
of the interface by applying a voltage to the gate 
electrode 340. In this manner, the same high speed 
as that of the HEMT is attained. 

An energy barrier is formed in the conduction 
band in the hetero-interface of the GalnAs layer 
130a and the buffer layer 120(GaAs) due to dif- 
ference between the band structures. Since the 
electrons are hard to flow into the buffer layer 120 
by the energy barrier, the rise of the transfer con- 
ductance gm is abrupt when the gate bias is near 
the threshold level Vth. This causes a difference in 
the characteristic from the pulse doped MESFET. 

Even if a portion of the two-dimensional elec- 
trons of the GalnAs layer 130a makes the real 
space transition and jumps into the GaAs layer 140 
at a gate bias point which causes the increase of 
the drain current, that is, at a gate bias point driven 
into a positive side, the reduction of the electron 
mobility and the saturation velocity is not as much 
as that of the Si-doped AIGaAs layer of the HEMT, 
because the GaAs layer 140 includes the GaAs 
layer having the impurity delta-doped. Further, the 
GalnAs layer 130b is formed beneath the GaAs 
layer 140, and the electrons flow into the GalnAs 
layer 130b having a low potential of the conduction 
band to form the two-dimensional electrons. In this 
manner, the abrupt reduction of the transfer con- 
ductance gm which is inherent to the prior art 
HEMT is prevented and a wide operation range for 
the gate bias is attained. 

Further, since the gate electrode is of planar 
structure, the transistor is very much suitable for 
use in constructing an integrated circuit. 

A manufacturing process of the transistor of 
Fig. 6A - 6C is now explained. 

The buffer layer 120 made of undoped GaAs 
having a p carrier conductivity type (a carrier den- 
sity is substantially equal to an impurity concentra- 
tion of ~5 X 10^^ cm~3) is formed on the semi- 
Insulating GaAs substrate 110 to a thickness of 
10,000 angstrom by using an organic metal vapor 
phase growth method (OMVPE method) or a mol- 
ecule beam epitaxy method (MBE method). Then, 
the GalnAs layer 130a made of undoped 
Gao.72lno.i8As having an n carrier conductivity type 
(a carrier density of -SxlC^cm^^) is formed to a 
thickness of 80 angstrom on the buffer layer 120. 
Then, the undoped GaAs layer 140a having an n 
carrier conductivity type (a carrier density of 
~1x10^^cm~2) is formed to a thickness of 25 ang- 
strom (Fig. 6A). 



The delta doped layer 140b1 having an n-type 
impurity such as Si or Se delta-doped is formed on 
the undoped GaAs layer 140a1. Then, the undoped 
GaAs layer 140a2 having an n carrier conductivity 

5 type (a carrier density of -IxlO^^cm"^) is formed 
to a thickness of 25 angstrom. A similar step is 
repeated to form the delta-doped layer 140b2 and 
the undoped GaAs layer 140a3. Then, the GalnAs 
layer 130b made of undoped Gao.80lno.20As having 

10 an n carrier conductivity type (a carrier density of 
~1x10'^cm~3) is formed to a thickness of 100 
angstrom on the undoped GaAs layer 140a3. Then, 
the cap layer 150 made of undoped GaAs having 
an n carrier conductivity type (a carrier density of 

75 ~1x10^^cm~3) is formed to a thickness of 300 
angstrom (Fig. 6B). 

The gate electrode 340 is formed on the epl- 
structure of Fig. 6B. The n+ion implantation layers 
(the source region and the drain region) 350a and 

20 350b, the source electrode 360 and the drain elec- 
trode 370 are formed by self-alignment to the gate 
electrode 340 to complete the transistor (Fig. 6C). 

In the present manufacturing process, since a 
compound semiconductor which includes Al is not 

25 used as a channel material even in the aneal pro- 
cess after the ion implantation, the reduction of the 
electron mobility and the saturation velocity is sup- 
pressed. 

In this manner, the transistor which has the 
30 advantages of both the HEMT and the pulse doped 
MESFET in provided, and it is useful as a low 
noise device, a high frequency device or a high 
speed device. Since the epi-structure and the elec- 
trode structure are suitable for the integration, it 
35 may be useful as a transistor to construct an 
MMIC. 

The first embodiment described above may be 
modified in various manners. 

For example, parameters of the respective lay- 

40 ers may assume various values and a variety of 
combination may be used. 

The buffer layer 120 does not directly contri- 
bute to the operation of the transistor but the 
thickness thereof is determined while taking the 

45 thickness of the layer to be formed thereon into 
consideration. 

As to the carrier densities of the GalnAs layers 
130a and 130b, the amount of background impurity 
varies with a growth equipment. Usually, It Is small- 

50 er than lO^^cm"^. The band gap varies with the 
proportion of In in GalnAs, and the electron velocity 
is higher as the amount of In increases. However, 
since the proportion of In is limited by a difference 
between lattice constants of GalnAs and GaAs, it is 

55 usually 0.1 ~0.3(That is, Ga is 0.9-0.7). The thick- 
ness of the GalnAs layer may be up to a critical 
thickness which reduces as the proportion of In 
increases. In the present embodiment. It is up to 
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200 angstrom and thickness of the GalnAs layer 
may be 50 - 200 angstrom. 

The carrier density of the GaAs layer 140 also 
varies with the growth equipment and it is usually 
smaller than 10^^ cm"^. A larger thickness of this 
layer is preferable but the larger the thickness is, 
the smaller is the mutual conductance. In balance 
with the layer to be formed thereon, an appropriate 
range may be 25 - 200 angstrom. 

The carrier density of the cap layer 150 is also 
smaller than lO^^cm"^. The thickness is 300 ang- 
strom which is sufficient to confine the electrons. It 
may be determined to attain a desired mutual 
conductance gm. 

The cap layer and the buffer layer may be 
single layers of compound semiconductor having a 
smaller electronegativity than that of GaAs, such as 
AIGaAs or GalnP or laminated structures of a com- 
bination of the compound semiconductor and 
GaAs, instead of the single layer structure of the 
undoped GaAs layer. 

A plurality of delta-doped layers may be 
formed in the channel layer so that a transistor 
having a desired threshold level Vth is produced. 

The gate electrode structure is of planar struc- 
ture by the self-alignment ion implantation in the 
above embodiment although it may be of recessed 
structure (Fig. 1) having a contact layer of com- 
pound semicondutor (such as Si-doped GaAs layer 
or Si-doped GalnAs layer). 

The GalnAs layer of the channel layer may be 
of structure having continuously or stepwise chang- 
ing in proportion in the GalnAs layer. In this man- 
ner, the lattice mis-alignment of crystal lattice of 
GaAs and GalnAs is relieved and the electron 
mobility is improved. 

As to the chemical composition, GalnAs may 
be a material represented by a general formula 
Gai-xInxAs (x>0), AIGaAs may be a material repre- 
sented by a general formula AlmGa,-mAs (m>0), 
and GalnP may be a material represented by a 
general formula Garlni-rP(r^O). 

A second embodiment is now explained. 

As shown in Fig. 7 in the structure of the 
present transistor, the undoped InxGai-x layer 130a 
(0<x SI), the n-type GaAs layer 142 having impu- 
rity doped the undoped Gai-yAs layer 130b (0 <y 
^1)and the cap layer 150 are sequentially lami- 
nated on the buffer layer 120, and the gate elec- 
trode 340, the source electrode 360 and the drain 
electrode 370 are formed on the cap layer 1 50. 

In the structure of the present transistor, an 
undoped GaAs spacer layer may be added in the 
interface of the undoped InxGai-xAs (0<x ^1)layer 
130a and the n-type GaAs layer 142 or in the 
interface of the undoped InyGai-yAs (0 <y SI) 
layer 130b and the n-type GaAs layer 142. This will 
be described hereinlater. 



Fig. 8A and 8B show a band diagram of the 

present transistor. Fig. 8A shows the band diagram 
when VGS = 0 volt. 

With the structure of the present transistor, 

5 when the gate bias is driven into the positive side 
(VGS>0) to increase the drain current, a portion of 
the two-dimensional electrons 107 generated in the 
interface with the undoped InxGai-^As layer 130a 
falls into the lnyGa,-yAs layer 130b formed above 

10 the impurity doped GaAs layer 142 even if it makes 
the real space transition and jumps into the impu- 
rity doped GaAs layer 142. Accordingly, the reduc- 
tion of gm which is inherent to the prior art HEMT 
can be prevented. 

75 A manufacturing process of the present transis- 
tor in explained with reference to Fig. 9A - 90. 

The undoped GaAs buffer layer 1 20 having a p 
carrier conductivity type (~5x10'^cm~3) is formed 
to a thickness of 10,000 angstrom on the semi- 

20 insulative GaAs substrate 110 by the organaic met- 
al vapor phase growth method (OMVPE method) or 
the molecule beam epitaxial method (MBE meth- 
od). Then, the undoped Ino.isGao.yaAs layer 130a 
having an n carrier conductivity type 

25 (-IxlO'^cm"^) is formed on the GaAs layer 120, 
and then the Si-doped GaAs layer 142 
(4x10'^cm~3) is formed to a thickness of 100 ang- 
strom (Fig. 9A). The undoped lno.20Gao.80As layer 
130b having an n carrier conductivity type 

30 (~1x10'^cm~^) is formed on the Si-doped GaAs 
layer 142 to a thickness of 100 angstrom. Then, the 
undoped GaAs cap layer 150 having the n carrier 
conductivity type (~1x10''^cm~3)is formed to a 
thickness of 300 angstrom (Fig. 9B). The gate 

35 electrode 340 is formed on the laminated epitaxial 
structure, the n+ion implantation layers 350a and 
350b are formed with the self-alignment to the gate 
electrode, it is annealed for a short period, and the 
source electrode 360 and the drain electrode 370 

40 are formed on the n+ ion implantation layers 350a 
and 350b. In this manner, the transistor of the 
planar structure is completed (Fig. 9C). 

In the present embodiment, the parameters of 
the respective layers may assume various values 

45 as they do in the first embodiment and a variety of 
combinations may be used. 

In this present manufactureing process, the 
latice misalignment between the Si-doped GaAs 
layer 142 and the InGaAs layers 130a and 130b 

50 raises a problem, but it is reported that the lattice 
misalignment may be neglected if the thickness of 
the layer is sufficiently thin (J.J.Rosenberg et al, 
IEEE Electron Device Letters, pp 491-493, Vol. 
EDL-6, No. 10, October 1985). 

55 Since the two-dimensional electron gas is 
formed in the interface of GaAs/lnGaAs by inserting 
the lno.i8Gao.72As layer 130a under the Si-doped 
GaAs layer 142, the electrons move faster than 
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they move in the Si-doped GaAs layer 142 and 
have a higher saturation velocity. Since the energy 
barrier of the conduction band is formed in the 
hetero-interface of the lno.i8Gao.72As layer 130a and 
the buffer layer 120, the electrons are harder to 
flow into the buffer layer 120 and the rise of gm is 
abrupt even at the gate bias which is In the vicinity 
of Vth. 

When the gate bias is driven into the positive 
side to increase the drain current, the electrons fall 
into the lno.20Gao.80As layer 130b by the insertion of 
the lno.20Gao.80As layer 130b above the Sl-doped 
GaAs layer even if a portion of the two-dimensional 
electrons makes the real space transition and 
jumps Into the Si-doped GaAs layer 142. Accord- 
ingly, the abrupt reduction of gm which Is Inherent 
to the prior art HEMT can be prevented. 

The band structure of Fig. 8 is equally ap- 
plicable to the first embodiment described above. 

The dependency of gm on the gate electrode 
in the transistor having such a structure is shown 
by a solid line in Fig. 10. The rise of gm in the 
vicinity of Vth Is more abrupt than that of the 
impurity doped MESFET, and gm has no peak 
profile as it does in the HEMT. Even if the gate 
bias is driven into the positive side, the gentle 
reduction of gm can be surppessed and gm Is 
generally higher than that of the impurity doped 
MESFET. 

The high electron mobility transistor of the 
present invention which exhibits the characteristic 
described above shown a very excellent character- 
istic. 

The gate electrode is formed on the undoped 
GaAs cap layer 150 and the source electrode 360 
and the drain electrode 370 are formed in the ion 
implantation regions which are self-aligned to the 
gate electrode 340. Because of the planar struc- 
ture, the present transistor Is most suitable for use 
as a transistor of the integrated circuit. In the prior 
art HEMT it is not possible to adopt the planar 
structure by the self-alignment ion implantation be- 
cause the abruptness is required in the Interface of 
AIGaAs/GaAs, because In the Ion Implantaton, the 
high temperature annealing is required to activate 
the implanted Si and Al in the AIGaAs layer dif- 
fuses Into the GaAs layer during the anneal pro- 
cess so that the electrons are subject to the impu- 
rity scatter and the electron mobility and the satu- 
ration velocity are significantly reduced. In the 
present embodiment, the GaAs/lnGaAs HEMT 
which includes a small diffusion atom In In the 
anneal process is used so that the planar structure 
is readily attaianed. 

A third embodiment is now explained. 

Fig. 11A - 11c shows a manufacturing process 
thereof. The present embodiment differs from the 
previous embodiment in that the cap layer 150 is 



omitted and the electrodes 340, 360 and 370 are 
formed directly on the undoped lno.20Gao.80 layer 
130b (Fig. 11C). With such a structure, a gate 
leakage current slightly increases but the substan- 

5 tially same effect as that of the previous embodi- 
ment is attained. 

In the above embodiments, the cap layer 150 
and the buffer layer 120 are of single layer struc- 
ture of undoped GaAs although they may be of 

10 single layer structure of a compound semiconduc- 
tor such as AIGaAs or InGaP or of lamination 
structure of a combination of the compound semi- 
conductor and GaAs. 

The gate electrode structure is the planar 

75 structure using the self-alignment Ion Implantation 
in the above embodiment. Alternatively, as shown 
in Fig. 11A or Fig. 9B the source electrode 360 and 
the drain electrode 370 may be formed through the 
ohmic contact layer (Si-doped GaAs layer or Sl- 

20 doped InGaAs layer) formed on the undoped 
InyGai-yAs layer 130b or the cap layer 150 and the 
gate electrode may be formed on the undoped 
lnyGai-yAs layer 130b exposed at the bottom of 
the etched ohmic contact layer or the cap layer 

25 1 50 to form a recessed structure. 

The proportion of In in the InGaAs layers 130a 
and 130b above and beneath the pulse doped 
GaAs layer 142 may be continuously or stepwise 
changed in the InGaAs layer vertically to the plane 

30 to reline the lattice misalignment of the crystal 
lattices of the GaAs layer and the InGaAs layer to 
improve the electron mobility. 

Further, the undoped GaAs spacer layer (which 
corresponds to the undoped AIGaAs spacer layer 

35 220 In Fig. 1) may be Inserted in the interface of 
GaAs/lnGaAs. 

With the structure having the spacer layer, the 
two-dimensional electron mobility can be enhanced 
by spacing the undoped GaAs spacer layer. 

40 In accordance with the present invetnion, the 

transistor which has the advantages of both the 
HEMT and the impurity doped MESFET is pro- 
vided and it is useful as a low noise device, a high 
frequency device or a high speed device. Since It 

45 has the epitaxial structure and the electrode struc- 
ture which are suitable for the Integration, it is 
useful as a transistor to construct a microwave 
monolithic integrated circuit (MMIC). 

From the invention thus described, it will be 

50 obvious that the invention may be varied in many 
ways. Such variations are not to be regarded as a 
departure from the spirit and scope of the inven- 
tion, and all such modifications as would be ob- 
vious to one skilled in the art are intended to be 

55 included within the scope of the following claims. 
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Claims 

1. A semiconductor device having a drain elec- 
trode, a source electrode and a gate electrode 
and controlling a current flowing through a 
channel between the drain and the source by a 
voltage applied to said gate electrode, com- 
prising 

a channel layer formed by a GaAs layer 
including n-type dopant and undoped GalnAs 
layers sandwiching said GaAs layer; and 

a buffer layer made of an undoped semi- 
conductor having a larger electronegativity 
than that of GalnAs; 

said channel layer being formed between 
said buffer layer and said gate electrode. 

2. A semiconductor device according to claim 1, 
wherein the semiconductor of said buffer layer 
has a larger band gap than that of GalnAs. 

3. A semiconductor device according to claim 1 
or 2, further comprising an undoped cap layer 
electrically connected to said gate electrode 
and made of a semiconductor having a larger 
band gap than that of GalnAs. 

4. A semiconductor device according to any of 

claims 1 to 3, 

wherein a carrier density of said channel layer 
is smaller than lO'^cm"^. 

5. A semiconductor device according to claim 1, 
wherein said channel layer includes at least 
one two-dimensional layer including n-type 
dopant, undoped GaAs layers sandwiching 
said two dimensional layer and undoped 
GalnAs layers sandwiching said GaAs layer. 

6. A semiconductor device according to claim 5, 
wherein said buffer layer has a p carrier con- 
ductivity type and has a thickness of 10,000 
angstrom, said GalnAs layer of said channel 
layer has an n carrier conductivity type, the 
layer facing said buffer layer primarily consists 
of Gao.72lno.i8As and has a thickness of 80 
angstrom, and the layer facing said gate elec- 
trode primarily consists of Gao.80lno.20 and has 
a thickness of 100 angstrom. 

7. A semiconductor device according to Claim 6, 
further comprising an undoped n-type cap lay- 
er electrically connected to said gate electrode 
and made of a semiconductor having a larger 
band gap than that of GalnAs, said cap layer 
having a thickness of 300 angstrom. 



8. A semiconductor device according to any of 
claims 5 to 7, 

wherein a carrier density of the undoped layers 
sandwiching said two-dimensional layer of the 
5 GaAs layers of said channel layer is smaller 

than 10^5 cm~3. 

9. A semiconductor device according to any of 
claims 5 to 8, 

70 wherein a proportion of In in said undoped 

GalnAs layer changes continuously or step- 
wise. 

10. A semiconductor device according to any of 
75 claims 1 to 9, 

wherein a drain region and a source region are 
formed by introducing impurity up to neighbor- 
hood of the opposite ends of said channel. 

20 11. A semiconductor device according to any of 

claims 1 to 10, 

wherein carrier densities of said undoped 
GalnAs layer and said buffer layer are smaller 
than 10^5 cm-3. 

25 

12. A semiconductor device according to claim 1 , 
wherein said channel layer includes an n-type 
GaAs layer doped with n-type dopant and un- 
doped GalnAs layers sandwiching said GaAs 

30 layer. 

13. A semiconductor device according to claim 12, 
further comprising an undoped spacer layer 
including GaAs formed between said undoped 

35 GalnAs layer facing said buffer layer and said 

n-type GaAs layer. 

14. A semiconductor device according to claim 12 
or 13, 

40 wherein said buffer layer has a p carrier con- 

ductivity type and has a thickness of 10,000 
angstrom, said GalnAs layer of said channel 
layer has an n carrier conductivity type, the 
layer facing said buffer layer primarily consists 

45 of Gaoyglno.igAs and has a thickness of 80 

angstrom, and the layer facing said gate elec- 
trode primarily consists of Gao.sc'no.zcAs and 
has a thickness of 100 angstrom. 

50 15. A semiconductor device according to any of 
claims 12 to 14, 

further comprising an undoped n-type cap lay- 
er electrically connected to said gate electrode 
and made of a semiconductor having a larger 
55 band gap than that of GalnAs, said cap layer 

having a thickness of 300 angstrom. 
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16. A semiconductor device according to claim 14 

or 15, wherein said n-type GaAs layer of said 
channel layer has a carrier density of 10'^ 
cm~^. 

5 

17. A method for manufacturing a semiconductor 
device comprising the steps of: 

sequentially forming a buffer layer made of 
undoped GaAs and an undoped GalnAs layer 
on a GaAs substrate; io 

alternately growing an undoped GaAs lay- 
er and a delta doped layer having n-type dop- 
ant delta-doped on said GalnAs layer to form a 
channel layer; 

forming a GalnAs layer and an undoped 75 
GaAs layer on said channel layer and forming 
a gate electrode on a predetermined area on 
said undoped GaAs layer; and 

forming a source region and a drain region 
by ion implantation with self-alignment to said 20 
gate electrode and forming a source electrode 
and a drain electrode. 

18. A method for manufacturing a semiconductor 
device comprising the steps of: 25 

sequentially forming a buffer layer made of 
undoped GaAs and an undoped GalnAs layer 
on a GaAs substrate; 

successively growing an undoped GaAs 
layer, a delta doped layer having n-type dop- 30 
ant delta-doped and an undoped GaAs layer 
on said GalnAs layer to form a channel layer; 

forming a GalnAs layer and an undoped 
GaAs layer on said channel layer and forming 
a gate electrode on a predetermined area on 35 
said undoped GaAs layer; and 

forming a source region and a drain region 
by ion implantation with self-alignment to said 
gate electrode and forming a source electrode 
and a drain electrode. 40 
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Fig. 7 
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(57) Abstract: An electric-field moderating 
layer (12) and a p-type buffer layer (2) are 
formed on an SiC single crystal substrate (1). 

The electric-field moderating layer (12) is so 
formed between the p-type buffer layer (2) 
and the SiC single crystal substrate (1) that 
it is in contact with the SiC single crystal 
substrate (1). An n-type semiconductor 
layer (3) is formed on the p-type buffer layer 

(2) . A p-type semiconductor layer (10) is 
formed on the n-type semiconductor layer 

(3) . An n+-type source region layer (4) and 
an n*-type drain region layer (5) are formed 
at a certain distance Irom each other within 

type semiconductor layer (10). A p+-type gate region layer (6) is formed in a portion of the p-type semiconductor layer (10) 
between the n"*-type source region layer (4) and the n*-type drain region layer (5). 
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